Abstract. The effect of transplant production and handling practices on processing tomato growth, yield, and fruit quality were evaluated in five field trials in California. In 1999, processing tomato (Lycopersicon esculentum Mill. cv. Halley) transplants were obtained from a number of commercial transplant producers and taken to the Univ. of CaliforniaDavis (UCD) where treatments were imposed for 1 week prior to transplanting. Treatments included N and P fertilization, exposure to lath house or greenhouse temperature, withholding water, and storage in the dark for 2 days to simulate shipment from greenhouse to field. Nine treatments per site were compared in field trials at Yolo, Woodland, and Knights Landing. In 2000, transplants were grown at UCD under varying nutrient regimes, including P fertilization rates ranging from weekly application of 0 to 90 mg·L -1 . Two commercial field trials comparing 8 treatments were conducted near Winters and Newman. Although transplant production and handling practices significantly influenced relative growth rate in the 3-4 weeks following transplanting in all 1999 trials, effects on fruit yield were minimal, with only one treatment at Woodland showing significantly lower yield and no treatment differences in crop maturity, fruit soluble solids, or juice color observed at any site. In 2000, plants receiving no weekly P fertilization showed slower growth in the 3 weeks after transplanting, but no treatment differences were observed after 6 weeks. Fruit yield, soluble solids content (°Brix) and juice color were unaffected by transplant treatment. We conclude that transplant production and handling practices tested had minimal differential effect on the subsequent field performance of processing tomato transplants in the Central Valley of California.
posed (Table 1) . Those treatments included N and P fertilization, exposure to lath house (ambient) or greenhouse temperatures, withholding water, and storage in the dark for 2 d before transplanting to simulate shipment from greenhouse to field. The goal was to produce transplants representing a wide range of plant size and condition to compare in each field trial. From the combination of transplant source and final handling practices a total of eight treatments were developed for each field trial.
The field performance of these eight treatments, plus the transplants (also 'Halley') being planted by the cooperating field grower, was compared in a randomized complete-block design, with five replications per treatment. Individual plots were 30 m long × one 1.5-m bed wide, and contained ≈100 plants. The plants were mechanically transplanted, and a fertilizer solution containing N and P was applied at or prior to transplanting, either as a band near the plant row or as a drench with each plant. The N application rates were 15, 6, and 17 kg·ha -1 , and P application rates were 15, 9, and 20 kg·ha -1 at Yolo, Woodland, and Knights Landing, respectively.
At transplanting, the following measurements were made on 45 representative plants per treatment per field: plant height, root cell volume, shoot dry mass, and shoot macronutrient concentration. Shoot N concentration was determined by the combustion method of Sweeney (1989) , and K concentration by atomic emission spectrometry following extraction in 2% acetic acid. Shoot P was determined by inductively coupled plasma atomic emission spectrometry following microwave acid digestion (Sah and Miller, 1992) .
Percent stand loss was determined about a week after transplanting. The shoots of 10 transplants per plot were collected either 4 (Yolo) or 3 weeks (Woodland and Knights Landing) after transplanting to evaluate rate of early growth. To account for differences among treatments in initial plant mass, relative growth rate was calculated by the method of Hunt (1990) . The cooperating growers provided routine management throughout the season; all fields were furrow-irrigated after an initial sprinkler irrigation.
A single, destructive mechanical harvest was conducted in all fields when ≈95% of fruit had reached maturity. Harvest dates were 16 and 22 Aug. and 6 Sept. for Yolo, Woodland, and Knights Landing, respectively. Total fruit yield, percentage of green fruit, percentage of soluble solids [SS (°Brix)], and juice color [ratio of green (566 nm) to red (650 nm) light reflected from the juice] were determined.
2000. In 2000, all transplants (cv. Halley) were grown at UCD. The tray medium, a peat/ vermiculite blend, was augmented with 0.17 kg·m -3 P (from bone meal). Four transplant treatments were imposed, representing one of the following P nutrition regimes: weekly application of 0, 30, 60, or 90 mg·L -1 P, applied in conjunction with a uniform application of 150 mg·L -1 N and K. Formulation of the nutrient solutions is given in Table 2 . These treatments received a normal hardening exposure of at least a week in a lath house at ambient Production practices for tomato transplants have been studied by numerous researchers; issues investigated have included macronutrient nutrition (Ciardi et al., 1998; Garton and Widders, 1990; Masson et al., 1991; Melton and Dufault, 1991; Vavrina et al., 1998; Weston and Zandstra, 1986; Widders, 1989) , root cell size (Kemble et al., 1994; Marr and Jirak, 1990; Weston and Zandstra, 1986) , transplant age (Leskovar et al., 1991; Weston and Zandstra, 1989) and hardening practices (Ciardi et al., 1998; Leskovar and Cantliffe, 1991; Melton and Dufault, 1991) . Results have frequently been contradictory. Weston and Zandstra (1989) , Masson et al.. (1991) , and Melton and Dufault (1991) all reported that N fertigation at 200-400 mg·L -1 was superior to lower rates, while Garton and Widders (1990) found 75 mg·L -1 N to be optimal, and Vavrina et al. (1998) reported rates as low as 15 mg·L -1 N to be adequate under some circumstances. Leskovar et al. (1991) reported that transplants as young as 2 weeks may perform satisfactorily, while Weston and Zandstra (1989) found maximum yields with 5-6-weekold transplants. Ciardi et al. (1998) found that pretransplant chilling aided in field establishment, but Melton and Dufault (1991) reported no positive effects of chilling. These varying results suggest that site-specific factors in both the greenhouse and field may confound treatment effects, making generalization about appropriate tomato transplant production and handling practices difficult.
The widespread use of transplants in the California processing tomato industry is a recent development. Until the early 1990s nearly all fields were established by direct seeding; currently at least 30,000 ha are transplanted annually. California tomato transplant producers vary widely in production practices. No relevant research exists to guide these transplant producers, or to allow field growers to evaluate quality of the transplants they purchase. This study was undertaken to assess the effects of a range of transplant production and handling practices on the field establishment, productivity and fruit quality of processing tomato under representative California conditions.
Materials and Methods

1999.
Experiments were conducted in commercial processing tomato fields near Yolo, Woodland, and Knights Landing in central California. Transplanting dates were 7 and 14 Apr., and 3 May, respectively. Tomato transplants (cv. Halley) were obtained from various commercial transplant producers in California about a week prior to each transplant date; a different set of plants was obtained for each field trial. These plants were transported to the Univ. of California-Davis (UCD) where a range of hardening and handling practices were im- Handling practices employed during the week preceding transplanting in 1999; plants maintained in a lath house at UCD at ambient temperature unless otherwise stated. Normal hardening indicates no fertilizer and limited water applied; treatments employing fertilization applied twice. Treatments held in the greenhouse were maintained at 25 °C day / 15 °C night. In 2000, treatments 1-4 received weekly application of 150 mg·L -1 N and K, together with the mg·L -1 of P specified; treatments 5-8 received all fertilizer applications of treatment 3 plus the additional treatment specified during the final 2 weeks before transplanting. In both years fertilization with either 10-22-0 or 20-9-17 was at 400 mg·L -1 of material.
temperature prior to transplanting. Four additional transplant treatments were produced by augmenting the 150N-60P-150K (mg·L -1 ) regime of treatment 3 with either additional fertilizer application, modified handling practices, or both during the last 3 weeks before transplanting (Table 1 ). All fertilization was terminated on 30 Mar. Ten replicate trays of each transplant treatment were produced, the position of each randomly assigned in the greenhouse and lath house to minimize position effects. These eight treatments were transplanted into commercial fields near Winters and Newman on 7 and 11 Apr., respectively. Experimental design was a randomized complete block, with five 30-m-long singlebed replications per treatment per field. Individual plots contained ≈100 plants. Transplanting was done mechanically, with a fertilizer application of 9 kg·ha -1 N and 11 kg·ha -1 P Harvesting and fruit quality assessment were done as described for 1999 trials. Results 1999. There was wide variation in initial transplant characteristics among treatments in each trial (Table 1) . Root cell volume and plant height varied >50%, shoot N and K concentration by >100%. Shoot P concentration was particularly variable, ranging from 1.3-11.7 g·kg -1 . Some of the variation in macronutrient content resulted from pretransplanting treatment applied at UCD, but large differences in nutritional programs among commercial transplant growers were apparent by comparing the "normal hardening" treatments, which received no fertilization at UCD. Unfortunately, the commercial transplant producers would not divulge details of the greenhouse nutrient regimes employed, so no direct comparison could be made.
Frost occurred at Yolo 2d after transplanting, killing an average of 13% of transplants, but there was no significant difference among treatments in the percentage of plant loss. No treatment differences in plant loss were observed in either of the later trials, which did not experience temperature colder than 3 °C following transplanting; plant loss was <5% in all treatments in both fields. Significant differences in relative growth rate (RGR) in the 3-4 weeks after transplanting were observed among treatments in all trials (Table 3) . However, by midseason no visual differences in plant vigor remained apparent in any trial.
Total marketable fruit yield did not differ among treatments at Yolo or Knights Landing (Table 3) . At Woodland, one treatment had significantly reduced yield. There were no treatment effects on crop maturity as measured by the percentage of green fruit (<5% in all treatments in all trials) or juice color. Fruit SS, which ranged from 6.1 to 6.5 at Yolo and 5.2 to 5.5 at both Woodland and Knights Landing, was not affected by transplant treatment.
To further examine the relationship between transplant characteristics and field performance across trials, RGR and total fruit yield of each treatment at each site were scaled to their respective field means and regressed against original transplant characteristics (Table 4) . Early season RGR was negatively correlated with root cell volume, and initial plant height and dry weight, suggesting that smaller transplants may become established more quickly. However, those correlations were nonsignificant with respect to fruit yield. Shoot P concentration was positively correlated with both RGR and fruit yield, and it was on the basis of this relationship that P nutrition was specifically addressed in 2000.
2000. The nutrient regimes imposed resulted in generally higher shoot N concentrations that in 1999, with a range of P concentrations similar to 1999 (Table 1) . Plant loss averaged 1% and 6% at Winters and Newman, respectively, with no significant treatment differences. Plant canopy development at Winters 23 d after transplanting was clearly limited in the 0 P transplant treatment (Table 5 ), but by 6 weeks post-transplanting no differences in plant canopy were found. The same trend was observed at Newman, but was not quantified.
Treatments did not differ in total fruit yield (which ranged from 57 to 65 Mg·ha -1 at Winters and 75 to 85 Mg·ha -1 at Newman), crop maturity (averaging 3% to 6% green fruit), or fruit quality. Fruit SS ranged from 5.7 to 6.2 at Winters and 5.8 to 6.3 at Newman, while color at both sites ranged only from 22 to 25 (dimensionless units representing the reflectance ratio of green to red light).
To directly evaluate the effect of low P status, orthogonal comparison of treatment 1 (no weekly P application) with treatments 2-4 (which received 30-90 mg·L -1 P fertigated in the greenhouse) was performed. Of all fruit yield and quality variables evaluated, only the percentage of green fruit at Winters showed a significant effect of low P status, with treatment 1 averaging 6% green while treatments 2-4 collectively averaged 3%.
Discussion
The relatively minor effects of transplant production and handling practices on subsequent field performance documented in this study contrast with previous reports of significant, season-long effects. Weston and Zandstra (1986) reported early yield increased linearly with increasing root cell volume from 4-40 cm 3 , with highest total yield from the largest cell volume. Within the limited range of cell volume that we evaluated (which encompassed the range currently deemed economically and horticulturally practical by the California industry), root cell volume was unrelated to crop productivity.
The apparent association of both earlyseason RGR and fruit yield with initial shoot P concentration in 1999 was not confirmed in 2000; a transient effect in canopy development and a small delay in crop maturity at one site were the only observed effects of the wide range of P regime employed (P fertigation rates from 0-90 mg·L -1 ). Melton and Dufault (1991) reported that 40 mg·L -1 P increased early and total yield over a 10 mg·L -1 regime, while Garton and Widders (1990) found that pretransplant conditioning with 5 mM P increased total yield compared to a 2 mM P regime. The numerous reports of significant effects of greenhouse N regime on subsequent field productivity (Garton and Widders, 1990; Masson et al., 1991; Melton and Dufault, 1991; Vavrina et al., 1998; Weston and Zandstra, 1986; Widders, 1989) were not supported by the present study, in which no Nrelated effects were observed.
These disparate results can be reconciled by considering several factors. With the exception of Garton and Widders (1990) all these studies were conducted on fresh market tomato, in which early fruit production was of prime interest; most of these studies found greater effects on early yield than on total yield. In processing tomato production the relative proportion of the crop that matures early is of no significance, as long as overall crop timing is not significantly delayed. Also, most of these studies were conducted in more northern climates, in which early season temperatures are cooler (more stressful), and growing seasons shorter, than in central California. The vast differences between the results of Vavrina et al. (1998) , who found 30-60 mg·L -1 N to be sufficient for tomato transplants in Florida, and Masson et al. (1991) , who recommended 300-400 mg·L -1 N for tomato transplants in Canada, illustrated the impact of climate on appropriate greenhouse nutrient management practices. Lastly, in the present study, liquid N and P fertilizer solution was applied at or just prior to transplanting in all but one trial field (the standard commercial practice in California), perhaps partially negating the influence of pretransplant nutritional regime.
The structure of this study did not allow clear comparison of the various hardening techniques employed (low temperature exposure, withholding water or nutrients, etc.). Although all treatments included some degree of hardening, the nature and relative intensity of those treatments differed substantially, particularly in 1999. The water stress treatments were particularly severe (prolonged, repeated wilting), while those receiving additional fertilizer (and water) were hardened only by the relatively mild temperatures encountered in the lath house (mean daily minimum of 8 °C). The general lack of treatment effects on the percentage of plant loss, crop maturity, and fruit yield and quality suggested that neither the degree of hardening, nor the technique employed, was important. Treatment 8 at Woodland was the only treatment shown to reduce yield, yet it differed from treatment 5 in that trial only in that it received longer exposure to moderately low temperature (10 °C), a traditional method of hardening. We conclude that successful transplant hardening can be accomplished in a variety of ways.
Commercial transplant production is complicated by the unpredictability of weather, which impacts both the rate of transplant growth in the greenhouse and the ability to plant fields on a timely basis. Transplant producers must constantly adjust their management to speed up or slow down transplant development in response to changing weather, and they are periodically required to hold field-ready plants for extended periods. It is impractical to follow a rigid set of production practices. This study showed that transplant producers have substantial flexibility in transplant management. We conclude that, for processing tomato production under California conditions, widely disparate transplant production practices within the range tested here had little or no practical differential impact on subsequent field performance.
